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Abstract
The effect of binding PNIPAM^Py^Gly, a copolymer of N-isopropylacrylamide, N-[4-(1-pyrenyl)butyl]-N-n-octadecyl-
acrylamide and N-glycydyl-acrylamide, on membrane stability in cationic multilamellar vesicles (MLVs) was examined using
solid-state phosphorus (31P) and deuterium (2H) nuclear magnetic resonance (NMR) spectroscopy. For MLVs of
composition n-octadecyldiethylene oxide (ODEO)+cholesterol (CHOL)+1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC)+dimethyldioctadecylammonium bromide (DODAB) (molar ratios 75:10.5:10.5:4), PNIPAM^Py^Gly induced a
complete conversion from a bilayer-type 31P NMR spectrum to one characteristic of lipids undergoing isotropic motional
averaging, indicating the existence of regions of high local membrane curvature. This response was sustained even at elevated
temperatures. For MLVs of composition POPC+1,2-dioleoyloxy-3-(trimethylammonio)-propane (DOTAP), only at high
levels of DOTAP and ionic strength did PNIPAM^Py^Gly induce even a partial conversion to an isotropic-type 31P NMR
spectrum. At lower pH this effect was diminished. Raising the temperature eliminated the isotropic 31P NMR spectral
component, and this effect was not reversible upon returning to room temperature. 2H NMR spectroscopy of headgroup-
deuterated DOTAP and POPC confirmed the 31P NMR results, but did not provide specific surface electrostatic
information. We conclude that the binding of PNIPAM^Py^Gly to phospholipid-based vesicles is dominated by electrostatic
attraction between cationic lipids and the polymer’s glycine residues. At high binding levels, the polymer assumes a collapsed
conformation at the surface, resulting in regions of high local curvature of the lipid assembly. For ODEO-based liposomes,
these effects are magnified by the additional contribution of hydrogen bonding to the strength of polymer binding. ß 1998
Elsevier Science B.V. All rights reserved.
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1. Introduction
Liposomes serve as important tools in many bio-
technical applications. One of their many interesting
uses is in the ¢eld of drug delivery. E⁄cient drug
carrier systems have recently been developed that
involve encapsulating drugs into liposomes coated
with speci¢cally designed hydrophillic polymers [1].
Polymers used for liposome coating in drug delivery
require the ability to anchor into the lipid membrane
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and to stabilize the liposomes until their target site is
reached, at which point some stimulus such as a
rapid change in pH, temperature, or ionic strength,
triggers the liposome to release its contents.
In this context, hydrophobically-modi¢ed poly-(N-
isopropylacrylamides) (HM PNIPAM) have been in-
tensively investigated as potential liposome coatings
([2^8] and references therein). Of particular recent
interest is PNIPAM^Py^Gly, a copolymer of N-iso-
propylacrylamide, N-[4-(1-pyrenyl)butyl]-N-n-octa-
decylacrylamide, and N-glycydylacrylamide [9,10].
The pyrenyl^octadecyl moiety (1 mol%) serves to an-
chor the polymer in the membrane, and the glycine
residues (16 mol%) give the polymer an overall neg-
ative charge at physiological pH. PNIPAM^Py^Gly
binding to liposomes will be in£uenced by electro-
static, hydrophobic, and hydrogen bonding interac-
tions, depending on the composition of the lipo-
somes. It is believed, for example, that its binding
to phospholipid-based vesicles, particularly those
containing cationic lipids, is governed mainly by elec-
trostatic interactions. On the other hand, hydrogen
bonding strongly in£uences its binding to vesicles
containing surfactants such as n-octadecyldiethylene
oxide [9,10].
Like other HM PNIPAMs, PNIPAM^Py^Gly has
the distinctive property that it undergoes a conforma-
tional transition from an extended hydrophilic struc-
ture to a collapsed hydrophobic structure above a
characteristic temperature, the lower critical solution
temperature (LCST) [11]. The presence of the glycine
residues means that electrostatic repulsion between
carboxylate groups along the polymer chain contrib-
utes to the thermodynamics of the transition, and
renders the LCST of PNIPAM^Py^Gly sensitive to
both ionic strength and pH. In solution at room tem-
perature, at physiological ionic strength, and below
pH 6, PNIPAM^Py^Gly exists in the form of micelles
(of about 20 nm diameter) with a hydrophobic core
consisting of the octadecyl and pyrene groups. Bind-
ing to liposomes causes the polymer to lose its micel-
lar structure, as the hydrophobic groups become in-
serted into the bilayer, while the macromolecular
chain remains in the aqueous phase, adsorbed onto
the bilayer surface. If the LCST-associated confor-
mational collapse occurs when the polymer is bound
to a lipid vesicle, destabilization and release of encap-
sulated liposomal contents may result.
It has been proposed and shown that this polymer
does not disturb liposomal integrity when bound at
temperatures below the LCST of the polymer [9,10].
Above the LCST, however, the liposomes fuse and
leak their contents. It is not clear why this occurs, or
exactly what happens to liposome-bound PNIPAM^
Py^Gly when exposed to temperature or other
changes. Does the polymer remain bound to the
membrane or does it dissociate? If it does dissociate,
is the process reversible? Is there any evidence for
polymer-induced domains or smaller liposome bud-
ding resulting from strain due to changes in local
membrane curvature as seen with other HM PNI-
PAMs [5,12]?
In this report we address the question of the e¡ects
of PNIPAM^Py^Gly binding on membrane stability
in cationic multilamellar vesicles (MLVs) as a func-
tion of lipid composition, solution pH, ionic
strength, and temperature. We accomplish this using
a combination of solid-state phosphorus (31P) and
deuterium (2H) NMR spectroscopy.
31P NMR provides information regarding the mac-
roscopic architecture of the membrane phospholip-
ids. The 31P NMR spectral lineshape is diagnostic
of bilayer versus hexagonal HII versus isotropic or
cubic lipid arrangements [15,16]. Therefore, if PNI-
PAM^Py^Gly binding to the lipid membrane produ-
ces regions of high local curvature, or budding of
small vesicles, this should become apparent in the
31P NMR spectrum.
In addition, 2H NMR of choline-deuterated phos-
phatidylcholine is particularly useful in detecting
changes in surface charge from electrostatic binding
[15^17], or polymer-induced lateral domains [18^21].
Therefore, if PNIPAM^Py^Gly binding to liposome
membranes occurs through electrostatics, or results
in domain formation, this should be apparent in the
2H NMR spectrum.
2. Materials and methods
2.1. Materials
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate
(POPA), dimethyldioctadecylammonium bromide
(DODAB) and 1,2-dioleoyloxy-3-(trimethylammo-
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nio)propane (DOTAP) were obtained from Avanti
Polar Lipids (Alabaster, AL). Tris (hydroxymethyl)
aminomethane (Tris) and n-octadecyldiethylene oxide
(ODEO) were obtained from Sigma (St. Louis, MO).
Cholesterol (CHOL) was purchased from Fisher (Ot-
tawa, ON) and recrystallized from ethanol prior to
use. PNIPAM^Py^Gly, Mn 25 000, Mw/Mn 2.1, was
synthesized by Winnik and coworkers [22]. The struc-
ture of the lipids and polymer are shown in Fig. 1.
2.2. Synthesis of deuterated lipids
POPC, speci¢cally deuterated at either the K or L
methylene segment, was synthesized by a revision of
the methods of Aloy and Rabout [23] and Harbison
and Gri⁄n [24], as described previously by Marassi
et al. [25]. The structure of the phosphocholine head-
group, and the nomenclature of the deuteron labeling
positions, are shown in Fig. 1.
Amino-deuterated DOTAP (DOTAP-Q-d3) was
synthesized from the precursor dioleoyloxy-3-(di-
methylammonio)propane (DODAP) using methyl-
d3-iodide (Aldrich, Milwaukee, WI) as described by
Macdonald et al. [26] for similar species. The struc-
ture of DOTAP-Q-d3 also appears in Fig. 1.
2.3. MLV preparation
The desired molar compositions were achieved by
mixing appropriate volumes of chloroform/methanol
stock solutions of particular lipids, followed by re-
moval of solvent under a stream of nitrogen and
overnight desiccation under vacuum. The dried lipids
were dispersed in approximately 200 Wl of bu¡er con-
taining the desired amount of PNIPAM^Py^Gly by
vortexing and freeze^thawing in liquid nitrogen 3^4
times, without heating above room temperature. The
resulting MLV preparation was transferred to an
NMR sample tube for measurement. If NaCl was
titrated into existing MLV preparations, the suspen-
sion were subjected to three cycles of freeze^thaw
after each addition in order to equilibrate all inter-
stices.
2.4. NMR measurements
31P NMR spectra were recorded on a Chemag-
netics CMX300 solid-state NMR spectrometer oper-
ating at 121.25 MHz, using a Chemagnetics double-
resonance magic angle spinning probe but without
sample spinning. The Hahn echo sequence
[90x3t3180y3t3acq] with complete phase cycling
of the pulses and proton decoupling during acquis-
ition was employed as described by Rance and Byrd
[27]. The 90‡ pulse length was 6 Ws, the echo-spacing
was 30 Ws, the recycle delay was 5 s, the spectral
width was 100 kHz, and the data size was 2K.
2H NMR spectra were recorded on the same
Chemagnetics CMX300 NMR spectrometer operat-
ing at 45.98 MHz, using a Chemagnetics broadline
deuterium probe equipped with a 5 mm diameter
solenoid coil. The quadrupolar echo pulse sequence,
[90x3t390y3t3acq], [28] was employed using quad-
rature detection with complete phase cycling of the
pulse pairs. The 90‡ pulse length was 2 Ws, the inter-
pulse delay was 40 Ws, the recycle delay was 80 ms,
the spectral width was either 50 or 100 kHz, and the
data size was 2K.
Spectra were recorded at either room temperature
or 50‡C. The temperature of the sample was regu-
lated during the NMR experiment using a thermo-
couple linked to a feed-back loop controlling the
operation of a resistive heater through which the
temperature-regulated air stream passed prior to
reaching the sample in the NMR probe. The sample
was always held at the desired temperature for 30
min prior to signal acquisition.
3. Results and discussion
3.1. PNIPAM^Py^Gly destabilizes ODEO-rich
liposomes
Fig. 2 depicts a series of 31P NMR spectra for
MLVs composed of ODEO/CHOL/POPC/DODAB
(75:10.5:10.5:4) (all ratios are molar ratios) with
and without PNIPAM^Py^Gly. ODEO is a non-
ionic single-chain surfactant that forms bilayer
vesicles in solution when mixed with bilayer-stabiliz-
ing lipids such as CHOL or POPC. E¡ectively, only
CHOL is necessary, but a small amount of POPC
was added here to provide a 31P NMR signal. DO-
DAB is present to impart an overall cationic surface
charge to the lipid bilayers.
The 31P NMR spectrum on the top left in Fig. 2 is
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obtained at room temperature with ODEO-rich
MLVs in the absence of PNIPAM^Py^Gly. This
spectral lineshape is diagnostic of £uid membrane
lipids experiencing anisotropic motional averaging
in a bilayer arrangement [13,14]. The inference is
that the ODEO-rich MLVs are large enough that
the correlation times for isotropic motions such as
overall vesicle rotational tumbling and lateral di¡u-
sion of lipids around the radius of curvature of the
vesicles, are slow relative to the 31P NMR spectros-
copic time scale. Typically, this means the vesicle
diameter must exceed 500 nm.
The 31P NMR spectrum on the top right in Fig. 2
is obtained with the same ODEO-based MLVs equil-
ibrated at 50‡C. One sees a second major component
in the spectrum having a chemical shift anisotropy
(csa) reversed in sign and reduced in magnitude by a
factor of two. This indicates a conversion of the
macroscopic architecture of this lipid mixture from
a lamellar bilayer to a hexagonal HII phase [13,14].
This conversion is completely reversible upon return-
ing to room temperature.
The 31P NMR spectrum on the bottom left in Fig.
2 is obtained at room temperature with ODEO-rich
MLVs in the presence of PNIPAM^Py^Gly. This
spectral lineshape is indicative of membrane lipids
experiencing isotropic motional averaging. Several
lipid-assembly architectures will produce such a spec-
trum, including cubic lipid phases [13,14]. HM-PNI-
PAMs are known, however, to produce regions of
high local membrane curvature, often leading to
the formation of small vesicles having diameters on
the order of 150^230 nm [11]. This 31P NMR spec-
trum con¢rms, therefore, that PNIPAM^Py^Gly in-
duces the formation of lipid vesicles whose constitu-
ent lipids experience e¡ective isotropic motional
averaging. Note that the amount of polymer added
in this case (polymer/lipid, 1:5 w/w) is su⁄cient to
saturate the vesicle’s surface [9,10].
The 31P NMR spectrum at the bottom right in Fig.
2 was obtained at 50‡C with the same ODEO-rich
MLVs and the same saturating amount of added
PNIPAM^Py^Gly. The fact that the spectral line-
shape remained isotropic indicates that the polymer
remains associated with the lipid surface even at this
elevated temperature.
PNIPAM^Py^Gly binding to ODEO-rich vesicles
occurs through a combination of hydrogen-bonding
and hydrophobic interactions, with electrostatic in-
teractions being secondary [9,10]. Bound PNIPAM^
Py^Gly causes liposomes to aggregate, fuse and leak.
The 31P NMR spectra indicate that this ability is
associated with a tendency to produce high local
curvature of the membrane. Furthermore, the
strength of binding of PNIPAM^Py^Gly to
ODEO-rich vesicles is su⁄ciently great that elevated
temperatures fail to cause polymer dissociation from
the membrane surface. As will be described shortly,
this is not the case for POPC-rich vesicles.
3.2. High surface charge and ionic strength induce
PNIPAM^Py^Gly destabilization of POPC-rich
liposomes
PNIPAM^Py^Gly binding to phospholipid-rich
lipid bilayers will occur primarily through electro-
static and hydrophobic interactions, with a much-re-
duced contribution from hydrogen bonding com-
pared to the case of binding to ODEO-rich lipid
bilayers [9]. Fig. 3 illustrates the e¡ects of adding
PNIPAM^Py^Gly to phospholipid-rich MLVs as ob-
served in the room temperature 31P NMR spectra of
MLVs composed of POPC/DOTAP (90:10) (left-
hand column) and POPC/DOTAP (60:40) (right-
hand column).
The 31P NMR spectra at the top in Fig. 3 are
obtained in the absence of PNIPAM^Py^Gly. As
expected for such POPC-rich vesicles, the spectral
lineshape is diagnostic of £uid membrane lipids ex-
periencing anisotropic motional averaging in a bi-
layer arrangement [13,14].
The 31P NMR spectra in the middle in Fig. 3 are
obtained in the presence of added PNIPAM^Py^Gly.
The amount of polymer added to the (90:10) MLVs
(polymer/lipid, 1:5 w/w) corresponds to a molar pol-
ymer anion/lipid cation charge ratio of 2:1, assuming
complete deprotonation of the polymer’s glycidyl res-
idues. The amount of polymer added to the (60:40)
MLVs (polymer/lipid, 1:2.5 w/w) corresponds to a
molar polymer anion/lipid cation ratio of 1:1. These
amounts of added PNIPAM^Py^Gly are su⁄cient to
saturate the surface with polymer (A. Polozova,
F.M. Winnik, unpublished data). The spectral line
shapes indicate that, under these conditions of tem-
perature (25‡C), pH (50 mM Tris, pH 7.8) and ionic
strength (no added salt), PNIPAM^Py^Gly does not
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induce nonbilayer lipid architectures. This indicates
that PNIPAM^Py^Gly does not destabilize either of
these types of lipid vesicles. There is, however, a
small but reproducible isotropic component present
in the 31P NMR spectrum of the (60:40) mixture
upon adding PNIPAM^Py^Gly.
This di¡erence in the e¡ects of PNIPAM^Py^Gly
on vesicle stability in the ODEO-rich versus the
POPC-rich MLVs has a dual origin: the greater pre-
disposition of ODEO versus POPC to assume a non-
bilayer architecture, and the greater strength of bind-
ing of the polymer to the ODEO-rich vesicle surface.
The propensity of ODEO-rich vesicles to assume
non-bilayer architectures is demonstrated by the ob-
servation of the hexagonal HII 31P NMR spectral
lineshape at elevated temperatures, as seen in Fig.
2. The greater strength of binding of PNIPAM^Py^
Gly to ODEO-rich MLVs arises from the polymers
ability to form hydrogen bonds between its amide
groups and the hydroxyls of ODEO, in addition to
the hydrophobic and electrostatic interactions ex-
pected with POPC-rich MLVs [10]. We conclude
that weaker binding of PNIPAM^Py^Gly to vesicles
containing lipids which lack a predisposition to form
non-bilayer phases fails to a¡ect the vesicle structure.
One might argue that, for the (90:10) MLVs, the
density of polymer segments in the membrane sur-
face plane is too low to induce the isotropic lipid
phase observed via 31P NMR for ODEO-rich
vesicles. If so, then the greater number of cationic
surface charges in the (60:40) mixture should lead
to greater levels of surface bound anionic polymer
relative to the (90:10) mixture. However, for the
(60:40) MLVs, in order to achieve electrostatic neu-
trality, the polymer’s isopropylamide residues are
likely to be crowded out from the membrane surface.
This follows from considering the 1.5:1 ratio of zwit-
terionic POPC to cationic DOTAP at the membrane
surface versus the 6:1 ratio of isopropylamide to
glycine residues in PNIPAM^Py^Gly. Such a
‘brush-like’ polymer conformation is far di¡erent
from the ‘pancake-like’ conformation envisaged for
PNIPAM^Py^Gly bound at the surface of ODEO-
rich MLVs [9,10] which leads to the isotropic lipid
phase observed via 31P NMR.
It is possible, nevertheless, to establish conditions
under which PNIPAM^Py^Gly induces an isotropic
lipid phase even in POPC-rich MLVs. The lower two
31P NMR spectra of Fig. 3 show the e¡ects of adding
PNIPAM^Py^Gly in the presence of 150 mM NaCl.
There is now a pronounced isotropic component visi-
ble in the 31P NMR spectrum in the case of the
(60:40), but not the (90:10) MLVs. Spectral simula-
tions (not shown) indicate that the isotropic compo-
nent comprises about 25% of the overall spectral in-
tensity of the (60:40) mixture.
The fact that two distinct overlapping spectral
components are observed in the 31P NMR spectrum
of the (60:40) mixture, one isotropic and one bilayer,
indicates that there exist distinct populations of lipids
experiencing these di¡erent motional environments,
and that these two populations are in slow exchange
with one another on the time scale of the 31P NMR
experiment (approximately 1035 s). It cannot be de-
termined from these measurements, however,
whether one is observing separate populations of
small versus large lipid vesicles or distinct regions
of high versus low curvature present within the
same vesicle.
The presence of 150 mM NaCl will screen the
electrostatic attraction between PNIPAM^Py^Gly
and the cationic POPC-rich MLVs, so that the num-
bers of bound polymer chains will be reduced and
the surface charge will not be neutralized by bound
polymer. For the (90:10) MLVs, a reduction in
bound polymer cannot lead to production of the iso-
tropic lipid phase observed via 31P NMR. Con-
versely, for the (60:40) MLVs, a reduced number
of bound polymer chains may permit individual
chains to adopt a more ‘pancake-like’ conformation
at the surface due to a relaxation of crowding felt by
the polymer’s isopropylamide residues. One might
argue that this conformation produces the isotropic
lipid phase observed via 31P NMR because the in-
creased polymer^polymer interactions now felt at the
surface causes an LCST-like change in the polymer.
Consider, however, the 31P NMR spectra shown in
Fig. 4. Here, PNIPAM^Py^Gly has been allowed to
bind to cationic POPC-rich MLVs (90:10 POPC/
DOTAP on the left and 60:40 on the right) in the
absence of 150 mM NaCl (top spectra). The amounts
of added PNIPAM^Py^Gly correspond to global
anion:cation ratios of 2:1 for the (90:10) MLVs
and 0.5:1 for the (60:40) MLVs. So crowding of
isopropylamine residues should not be an issue in
either case, and charge screening should not reduce
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the amount of bound polymer. There is, nevertheless,
only a hint of any isotropic spectral component in
either 31P NMR spectrum. When 150 mM NaCl is
subsequently titrated into the MLVs (bottom spec-
tra), a substantial isotropic spectral component is
observed for both (90:10) and (60:40) MLVs. This
suggests that high ionic strength triggers a conforma-
tion change in the surface-bound PNIPAM^Py^Gly
Fig. 1. Structures of PNIPAM^Py^Gly and the various lipids used in this study. The designations K, L, and Q refer to the deutero-la-
beling positions on the headgroups of POPC and DOTAP.
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capable of producing the isotropic lipid phase ob-
served via 31P NMR. One explanation is that the
polymer backbone collapses due to charge screening
of the Gly residues from salt. This would imply that
the anionic Gly residues are not closely paired with
the cationic DOTAP groups.
3.3. Decreasing the pH diminishes destabilization by
PNIPAM^Py^Gly
Since the glycine residues’ anionic charges contrib-
ute to the binding of the polymer to cationic phos-
pholipid membrane surfaces, and glycine^glycine
charge repulsion causes polymer chain extension, it
is interesting to examine the e¡ects of reducing the
linear charge density of the polymer by lowering the
pH. Fig. 5 depicts 31P NMR spectra for MLVs of
composition POPC/DOTAP (90:10) (left-hand col-
umn) and (60:40) (right-hand column). At pH 5.0
and in the absence of 150 mM NaCl (top spectra)
there is little evidence of any isotropic spectral com-
ponent, regardless of the mole fraction of DOTAP in
the MLVs. At pH 7.8 and in the absence of 150 mM
NaCl (spectra second from top), one observes a small
isotropic spectral component for the (60:40) mix-
tures. The addition of 150 mM NaCl at pH 5.0 (spec-
tra second from bottom) produces a signi¢cant iso-
tropic spectral component for the (60:40) mixtures
only. At pH 7.8 in the presence of 150 mM NaCl
(bottom spectra) there is a pronounced isotropic
component in the spectrum of the (60:40) mixtures.
In summary, lower pH suppresses the PNIPAM^Py^
Fig. 2. 31P NMR spectra of MLVs composed of ODEO/CHOL/POPC/DODAB (75:10.5:10.5:4) in 50 mM Tris (pH 7.8) in the ab-
sence (top spectra) and presence (bottom spectra) of 1:5 (w/w) PNIPAM^Py^Gly/lipid. Left-hand column: recorded at room tempera-
ture; right-hand column: recorded at 50‡C.
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Gly induced isotropic component in the 31P NMR
spectrum of POPC-rich cationic MLVs,
A pH of 5.0 is very close to the pKa of the Gly
residues on PNIPAM^Py^Gly, so that roughly half
the Gly residues will be neutralized. This reduces the
polymer charge and promotes hydrogen bond forma-
tion between Gly residues. Both these factors also
result in the polymer adopting a more compact con-
formation. Since the binding to phospholipid-based
cationic liposomes is largely electrostatic, the reduced
Fig. 3. 31P NMR spectra of MLVs composed of POPC/DOTAP (90:10) (left-hand column) and POPC/DOTAP (60:40) (right-hand
column). Top spectra: MLVs in 50 mM Tris (pH 7.8) with no polymer. Middle spectra: MLVs in 50 mM Tris (pH 7.8) with PNI-
PAM^Py^Gly co-added: 2:1 Gly/DOTAP molar ratio for vesicles of composition (90:10) and 1:1 Gly/DOTAP for vesicles of compo-
sition (60:40). Bottom spectra: MLVs in 150 mM NaCl, 50 mM Tris (pH 7.8) with PNIPAM^Py^Gly co-added in ratios stated
above. All spectra were recorded at room temperature.
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charge density on the polymer results in a lower
binding a⁄nity. Thus we conclude that the lower
PNIPAM^Py^Gly induced conversion of lipid from
bilayer to isotropic phase at lower values of pH
probably re£ects the decreased polymer binding to
the membrane surface.
3.4. Elevated temperature irreversibly eliminates the
isotropic 31P NMR spectral component in
POPC-based MLVs
The e¡ect of temperature elevation on the 31P
NMR spectra of POPC-based cationic MLV+poly-
mer mixtures is depicted in Fig. 6. Spectra for MLVs
of composition POPC/DOTAP (90:10) are on the
left, whereas spectra for MLVs of composition
POPC/DOTAP (60:40) are on the right.
The top spectra in Fig. 6 were acquired at room
temperature, at pH 7.8 and in the presence of 150
mM NaCl, upon adding PNIPAM^Py^Gly in
amounts corresponding to molar Gly/DOTAP ratios
of 2:1 for the (90:10) MLVs and 1:1 for the (60:40)
MLVs. The isotropic spectral component character-
istic of vesicle destabilization by PNIPAM^Py^Gly is
obvious in both instances.
31P NMR at 50‡C indicates a purely bilayer organ-
ization for the (60:40) MLVs in the presence of pol-
ymer (middle right spectrum). Control MLVs of
identical composition but with no added polymer
yield an identical bilayer-type 31P NMR spectrum
at 50‡C. This temperature is above the LCST of
44‡C for the polymer in the presence of liposomes
of this composition (A. Polozova, F.M. Winnik, un-
published data). It has been observed with other HM
Fig. 4. 31P NMR spectra of MLVs composed of POPC/DOTAP (90:10) with 2:1 Gly/DOTAP molar ratio PNIPAM^Py^Gly co-
added (left-hand column) and POPC/DOTAP (60:40) with 0.5:1 Gly/DOTAP molar ratio polymer co-added (right-hand column). Top
spectra: MLVs+polymer in 50 mM Tris, pH 7.8. Bottom spectra: 150 mM NaCl titration into MLVs+polymer in 50 mM Tris, pH
7.8. All spectra were recorded at room temperature.
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PNIPAMs that the membrane-bound polymer parti-
ally dissociates from the surface at temperatures
above its LCST [12]. Accompanying this dissociation
is a dramatic macroscopic change in the sample ^ an
apparent £occulation or precipitation. We observed
similar changes in the behavior of the samples used
for NMR measurements. Therefore, we interpret this
NMR result as indicating a partial dissociation of the
polymer from the membrane surface. An alternative
explanation is that at elevated temperatures the pol-
Fig. 5. 31P NMR spectra of MLVs composed of POPC/DOTAP (90:10) with 2:1 Gly/DOTAP molar ratio PNIPAM^Py^Gly co-
added (left-hand column) and POPC/DOTAP (60:40) with 1:1 Gly/DOTAP molar ratio polymer co-added (right-hand column). From
top to bottom: MLVs+polymer in 50 mM Tris, pH 5; MLVs+polymer in 50 mM Tris, pH 7.8; MLVs+polymer in 50 mM Tris (pH
5.0)+150 mM NaCl; MLVs+polymer in 50 mM Tris (pH 7.8)+150 mM NaCl. All spectra were recorded at room temperature.
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ymer ‘dives’ into the hydrophobic core of the mem-
brane and that this leads to bilayer-type spectra by
relieving curvature strain. However, the isopropyl-
acrylamide backbone seems far too polar, even above
the LCST, to render this possibility likely.
When the temperature is lowered back to room
Fig. 6. Temperature e¡ects on vesicle destabilization by PNIPAM^Py^Gly. Left-hand column: 31P NMR spectra of POPC/DOTAP
(90:10) MLVs in the presence of added PNIPAM^Py^Gly (2:1 Gly/DOTAP molar ratio) plus 150 mM NaCl titrated into 50 mM
Tris, pH 7.8. Right-hand column: 31P NMR spectra of POPC/DOTAP (60:40) MLVs in 50 mM Tris (pH 7.8) in the presence of
added PNIPAM^Py^Gly (1:1 Gly/DOTAP molar ratio). Top spectra were recorded at room temperature. Middle spectra were re-
corded at 50‡C. Bottom spectra were recorded at room temperature after equilibration of the MLVs for 2 h at either 60‡C (90:10) or
50‡C (60:40).
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temperature, the 31P NMR spectrum of the (60:40)
MLVs remains typical of lipids in a bilayer organ-
ization (bottom right spectrum). Thus, it appears
that the change in PNIPAM^Py^Gly thermodynamic
state which leads to its dissociation from the
membrane surface at higher temperatures is irrever-
sible.
The (90:10) MLVs in the presence of PNIPAM^
Py^Gly did not show a complete conversion to a
bilayer spectrum at 50‡C. It is likely that the LCST
of the polymer in the presence of (90:10) MLVs is
higher than in the presence of (60:40) MLVs. So at
50‡C, the upper temperature limit of our NMR
probe, minimal dissociation would be expected. Fur-
thermore, these MLVs were not observed to £occu-
late at 50‡C, unlike the (60:40) MLVs at the same
temperature.
When spectra of the (90:10) MLVs with added
PNIPAM^Py^Gly were re-acquired at room temper-
ature, the isotropic lipid spectral component re-
mained visible unless the samples were ¢rst equili-
brated at 60‡C beforehand. Only then was there a
complete conversion to a bilayer-type spectrum, as
shown on the bottom left in Fig. 6. Thus, for the
(90:10) MLVs, a higher temperature is required to
observe the same irreversible dissociation compared
with the (60:40) MLVs.
These results with POPC-rich MLVs are unlike
those described earlier for ODEO-based liposomes/
PNIPAM^Py^Gly mixtures. In the ODEO-based sys-
tems, any dissociation of the polymer at elevated
temperatures is not su⁄cient to eliminate the poly-
mers ability to destabilize the vesicles. Evidently, the
additional forces involved in polymer binding to
ODEO-rich MLVs (hydrogen-bonding) are much
stronger than the combination of electrostatics and
hydrophobic interactions at play during PNIPAM^
Py^Gly binding to POPC-rich MLVs.
Fig. 7. 2H NMR spectra of MLVs composed of POPC/DOTAP (90/10) in 50 mM Tris, pH 7.8. Left-hand column: POPC-K-d2 ; mid-
dle column: POPC-L-d2 ; right-hand column: DOTAP-Q-d3. Top spectra: MLVs with no polymer. Bottom spectra: MLVs with 2:1
Gly/DOTAP molar ratio of added PNIPAM^Py^Gly. All spectra were recorded at room temperature.
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3.5. 2H NMR con¢rms the presence of lipid-phase
domains but fails to provide information on
surface electrostatics
Figs. 7 and 8 show a series of 2H NMR spectra for
the various POPC-based MLV+PNIPAM^Py^Gly
mixtures previously examined using 31P NMR. Fig.
7 depicts 2H NMR spectra of POPC/DOTAP (90:10)
MLVs in 50 mM Tris (pH 7.8), with and without
polymer (2:1 mol/mol Gly/DOTAP). Fig. 8 depicts
2H NMR spectra of POPC/DOTAP (60:40) MLVs
in 50 mM Tris (pH 7.8), with and without polymer
(1:1 mol/mol Gly/DOTAP). The left-hand column in
the two ¢gures shows spectra for POPC-K-d2, the
middle column for POPC-L-d2, and the right-hand
column for DOTAP-Q-d3. In the absence of polymer
(top spectra), the 2H NMR spectra consist of a Pake
doublet lineshape, characteristic of lipids in the
liquid^crystalline state arranged in a bilayer. The
quadrupolar splitting (vX) corresponds to the sepa-
ration in Hz between the two maxima of the spec-
trum. The narrow resonance line that often appears
at 0 Hz arises from the natural abundance deuterium
present in the water used to make the MLV samples.
MLVs of composition POPC-K-d2/DOTAP
(90:10) and (60:40) exhibit vXs of 3.6 and 33.2
kHz, respectively. Vesicles of composition POPC-L-
d2/DOTAP (90:10) and (60:40) exhibit vXs of 7.1
Fig. 8. 2H NMR spectra of MLVs composed of POPC/DOTAP (60:40) in 50 mM Tris, pH 7.8. Left-hand column: POPC-K-d2 ; mid-
dle column: POPC-L-d2 ; right-hand column: DOTAP-Q-d3. Top spectra: MLVs with no polymer. Middle spectra: MLVs with 1:1
Gly/DOTAP molar ratio of added PNIPAM^Py^Gly, recorded at room temperature. Bottom spectra: recorded at room temperature
after equilibration of MLVs with added polymer at 50‡C for 2 h.
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and 11.2 kHz, respectively. The quadrupolar splitting
of pure POPC-K-d2 or POPC-L-d2 MLVs is near 6.0
kHz. Therefore, the cationic surface charge due to
the presence of DOTAP progressively decreases the
quadrupolar splitting from POPC-K-d2 and increases
the quadrupolar from POPC-L-d2. This inverse e¡ect
of surface charge on the quadrupolar splitting from
the two choline-deutero-labeling positions is charac-
teristic of the ‘molecular voltmeter’ response of phos-
phatidylcholine [15^17], and may be exploited to
monitor lipid bilayer surface charge.
MLVs containing amino-methyl-deuterated DO-
TAP exhibit much smaller quadrupolar splittings be-
cause the location of the deuterons allows for exten-
sive motional averaging. Moreover, one does not
expect any speci¢c response to surface charges, given
the monopolar charge of DOTAP. In fact, 2H spec-
tra of DOTAP-Q-d3 re£ect predominantly local ori-
entational ordering e¡ects [19].
If PNIPAM^Py^Gly, once bound, assumes a con-
formation such that its glycine residues lie close to
the membrane surface, near to the plane occupied by
Fig. 9. A schematic representation of PNIPAM^Py^Gly in solution (top) and interacting with a liposomal membrane surface (bot-
tom). In solution, at temperatures below the LCST (top right), PNIPAM^Py^Gly assumes a micelle-like state in which its hydropho-
bic groups are self-associated. At temperatures above the LCST (top left), the polymer backbone collapses, producing a compact
structure that can phase-separate out of solution. The LCST is in£uenced by solution pH and ionic strength. Binding to a liposomal
membrane surface (bottom right) occurs through a combination of electrostatic, hydrophobic, and hydrogen bond interactions. Bind-
ing strength is therefore in£uenced by surface charge density, ionic strength, pH, and the presence of hydrogen bond acceptors/donors
within the liposomal membrane. If su⁄cient polymer surface density is achieved, then high local bilayer curvature results, leading to
vesicle destabilization (bottom left). Increasing ionic strength can produce a collapsed state for PNIPAM^Py^Gly already bound to
the membrane surface (bottom left), which likewise produces regions of high polymer segmental density. Increasing temperature can
cause an irreversible dissociation of the polymer from the membrane surface, presumably because the collapsed polymer state in solu-
tion is less capable of membrane surface association.
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the phosphocholine group of POPC and thereby
neutralizing the initial cationic surface charges,
then one expects to observe a counter-directional
change in the splitting between POPC-L-d2 and
POPC-K-d2, amounting to a return toward their val-
ues measured for a neutral membrane surface. How-
ever, no such e¡ect could be observed. For vesicles
of composition POPC/DOTAP (90:10), the addition
of PNIPAM^Py^Gly caused the quadrupolar split-
ting from both POPC-K-d2 and POPC-L-d2 to de-
crease marginally, while the intensity of the isotropic
resonance at 0 Hz tended to increase (Fig. 7). For
the vesicles of composition POPC/DOTAP (60:40),
the addition of polymer again caused the quadrupo-
lar splittings from both choline-deutero-labeling po-
sitions to decrease somewhat, accompanied by an
increase in the intensity of the isotropic spectral
component (Fig. 8).
Since one does not observe a molecular voltmeter
response, the charged Gly residues of PNIPAM^Py^
Gly must not be located in the close vicinity of the
POPC headgroup. Nor does one observe separate
polymer-enriched and -depleted electrostatic domains
as in previous work with other polyelectrolytes like
PSSS (poly(sodium 4-styrenesulfonate)) and PVTA
(poly(vinylbenzyl trimethyl ammonium chloride))
[19^21].
2H NMR spectra of MLVs consisting of POPC/
DOTAP-Q-d3 (right hand columns in both Figs. 7
and 8) likewise exhibit a decrease in the size of the
measured quadrupolar splitting upon addition of
PNIPAM^Py^Gly. This is particularly evident with
POPC/DOTAP-Q-d3 (60:40) MLVs plus polymer,
where 31P NMR indicates a strong interaction of
the polymer with the membrane. The 2H NMR spec-
tra of DOTAP-Q-d3 indicate, therefore, that PNI-
PAM^Py^Gly addition decreases orientational order
in the vicinity of the POPC choline headgroup. This
e¡ect is the opposite to that observed in the presence
of polyelectrolytes of higher linear charge density
such as PSSS or PVTA [19].
The bottom row of 2H NMR spectra in Fig. 8 are
obtained upon heating the MLV+polymer samples
to 60‡C and then acquiring 2H NMR spectra at
room temperature. The spectral line shapes resemble
the control spectra with no polymer (top row). This
is comparable to what is seen with 31P NMR, a com-
plete conversion to bilayer lipid. We interpret this as
indicating that high temperature causes irreversible
PNIPAM^Py^Gly dissociation from the bilayer sur-
face.
3.6. Concluding remarks
Fig. 9 is a schematic summarizing our current
understanding of the interactions between PNI-
PAM^Py^Gly and phospholipid membranes. In sol-
ution, at temperatures below the polymer’s LCST,
PNIPAM^Py^Gly exists as a loose micellar aggre-
gate in which the hydrophobic ‘sticker’ groups self-
associate. At temperatures above the LCST, there is
a collapse to a compact conformation which tends to
phase separate out of solution. The LCST itself is a
function of pH and ionic strength. In the presence of
a cationic membrane surface, polymer binding, in an
extended conformation, occurs through electrostatic
attraction between the polymer’s glycine residues and
the cationic lipids, as well as through hydrophobic
binding of the polymer’s ‘sticker’ groups. Polymer
electrostatic interactions are enhanced by increasing
the initial membrane surface charge density, and are
diminished by decreasing the pH or increasing the
ionic strength. If the density of polymer segments
at the surface becomes su⁄ciently high, then vesicle
destabilization occurs, presumably through modi¢ca-
tion of the local elastic modulus of one monolayer of
the bilayer, resulting in regions of high local curva-
ture. Contraction of the surface-bound polymer at
high ionic strength can also lead to a high local den-
sity of polymer segments at the surface, accompanied
by the consequent bilayer destabilization. At temper-
atures above the LCST, PNIPAM^Py^Gly tends to
dissociate irreversibly from the membrane.
Since PNIPAM^Py^Gly binding to ODEO-rich
lipid bilayers occurs primarily through hydrogen-
bonding, rather than solely through electrostatic
and hydrophobic binding as in POPC-rich lipid bi-
layers, its strength of binding is enhanced, its e¡ects
on bilayer stability are magni¢ed, and its tendency to
dissociate from the surface is diminished.
These studies indicate that it will be interesting to
examine how altering the balance between hydrogen
bonding versus electrostatic attraction in£uences the
behavior of such polymers. This e¡ect can be pro-
duced by varying the isopropylacrylamide/glycydyl-
acrylamide ratio in the polymer backbone.
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